Hepatitis C virus (HCV) enters its target cell via clathrin-mediated endocytosis. AP-2-associated protein kinase 1 (AAK1) and cyclin G-associated kinase (GAK) are host kinases that regulate clathrin adaptor protein (AP)-mediated trafficking in the endocytic and secretory pathways. We previously reported that AAK1 and GAK regulate HCV assembly by stimulating binding of the subunit of AP-2, AP2M1, to HCV core protein. We also discovered that AAK1 and GAK inhibitors, including the approved anticancer drugs sunitinib and erlotinib, could block HCV assembly. Here, we hypothesized that AAK1 and GAK regulate HCV entry independently of their effect on HCV assembly. Indeed, silencing AAK1 and GAK expression inhibited entry of pseudoparticles and cell culture grown-HCV and internalization of Dil-labeled HCV particles with no effect on HCV attachment or RNA replication. AAK1 or GAK depletion impaired epidermal growth factor (EGF)-mediated enhanced HCV entry and endocytosis of EGF receptor (EGFR), an HCV entry cofactor and erlotinib's cancer target. Moreover, either RNA interference-mediated depletion of AP2M1 or NUMB, each a substrate of AAK1 and/or GAK, or overexpression of either an AP2M1 or NUMB phosphorylation site mutant inhibited HCV entry. Last, in addition to affecting assembly, sunitinib and erlotinib inhibited HCV entry at a postbinding step, their combination was synergistic, and their antiviral effect was reversed by either AAK1 or GAK overexpression. Together, these results validate AAK1 and GAK as critical regulators of HCV entry that function in part by activating EGFR, AP2M1, and NUMB and as the molecular targets underlying the antiviral effect of sunitinib and erlotinib (in addition to EGFR), respectively.
H
epatitis C virus (HCV) is a major global health problem, estimated to infect 170 million people worldwide (1, 2) . HCV persistence results in severe liver disease, including cirrhosis, liver failure, and hepatocellular carcinoma (reviewed in reference 3) . No effective vaccine is currently available, and although the combination of interferon-ribavirin-based regimens with HCV protease or polymerase inhibitors as well as interferon-free regimens significantly improves response rates, HCV resistance and drugdrug interactions are among the ongoing challenges (4) (5) (6) . A cocktail of drugs, each targeting an independent function, will likely offer the best pharmacological control. Hence, there is an ongoing need to better understand the HCV life cycle in order to identify drugs directed at novel targets. No FDA-approved inhibitors of HCV cell entry are currently available even though viral entry represents a potential target for antiviral strategies.
HCV is an enveloped, positive, single-stranded RNA virus from the Flaviviridae family. Its 9.6-kb genome encodes a single polyprotein, which is proteolytically cleaved into three structural proteins (core and the glycoproteins, E1 and E2) and seven nonstructural (NS) proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (7) (8) (9) . Specific interactions between viral proteins and cell surface molecules facilitate HCV entry into host cells and define HCV tropism (reviewed in reference 10). The important roles of these interactions were initially defined using recombinant E1 and E2 envelope glycoproteins and HCV pseudoparticles (HCVpp).
HCVpp are lentiviral vectors that incorporate the HCV glycoproteins on the viral envelope and measure only viral entry (11) (12) (13) . The establishment of an infectious HCV cell culture system (HCVcc) (14) has facilitated studies of HCV entry under more authentic conditions of viral replication.
HCV particles circulate in the blood associated with lipoproteins (15) (16) (17) (18) (19) . Low-density lipoprotein receptor (LDLR) and cell surface glycosaminoglycans, including heparan sulfate, are thought to play a role in the initial attachment of HCV to target cells (20) (21) (22) (23) . HCV internalization into the cell is mediated by a complex set of receptors, including the tetraspanin CD81 (24) (25) (26) (27) , scavenger receptor B1 (SR-BI) (28) (29) (30) (31) , and the tight junction proteins occludin (OCDN) (32) (33) (34) and members of the claudin (CLDN) family (11, (35) (36) (37) . Additional cellular molecules identified as HCV entry factors include the two receptor tyrosine kinases epidermal growth factor receptor (EGFR) and ephrin type A receptor 2 (EPHA2) (38) , the cholesterol uptake molecule Niemann-Pick C1-like 1 (NPC1L1) (39) , and transferrin receptor 1 (TFR1) (40) . CD81-bound HCV particles have been shown to traffic laterally on the plasma membrane to tight junctions, where they form stable CD81-CLDN1 complexes, and these activities are promoted by protein kinase A (PKA), Rho, and EGFR/HRas signaling (38, (41) (42) (43) (44) . Multiple lines of evidence support the finding that HCVpp and HCVcc enter the cell via clathrin-mediated endocytosis (13, (45) (46) (47) (48) (49) . HCV colocalizes with clathrin prior to internalization (49) , and suppression of components of the clathrin machinery disrupts viral entry (47, 49) . Following internalization, HCV is thought to traffic to an endosomal compartment, where fusion of the viral envelope with endosomal membranes facilitates release of the HCV RNA genome into the cytoplasm (13, 45-48, 50, 51) . Indeed, HCV entry is dependent on endosomal acidification (46) (47) (48) (49) (50) . HCV appears to traffic to and fuse specifically with early endosomes, as indicated by the transport of HCV particles to green fluorescent protein (GFP-RAB5A)-positive endosomes (49) and the inhibitory effect of dominant-negative mutants of early, but not late, endosomal markers on HCVpp entry (47) . The mechanisms that regulate clathrin-mediated endocytosis of HCV are, however, incompletely characterized.
Clathrin-mediated endocytosis is dependent on the action of oligomeric clathrin and adaptor protein complexes (52) , which coordinate the specific recruitment and assembly of clathrin into a polyhedral lattice at the plasma membrane, as well as its coupling to endocytic cargo (53) . The heterotetrameric clathrin adaptor protein 2 complex, AP-2, is the major component of clathrincoated vesicles (CCVs) derived from the plasma membrane destined for fusion with early endosomes (54) . AP2M1, the 2 subunit of AP-2, recognizes tyrosine-or dileucine-based sorting signals, also known as internalization signals, within the cytoplasmic domains of transmembrane receptors (54) (55) (56) (57) (58) . The two host cell kinases AP-2-associated protein kinase 1 (AAK1) and cyclin G-associated kinase (GAK) are regulators of clathrin-mediated endocytosis. AAK1 and GAK recruit clathrin and AP-2 to the plasma membrane (59) and phosphorylate a T156 residue in AP2M1, thereby stimulating its binding to cargo proteins and enhancing cargo recruitment, vesicle assembly, and efficient internalization (59) (60) (61) (62) (63) (64) (65) . AAK1 and GAK also regulate clathrin-mediated endocytosis of cellular receptors via alternate sorting adaptors that collaborate with AP-2 (reviewed in reference 66): AAK1 phosphorylates NUMB (67) , and GAK activates EPN1 (59) . In addition, GAK regulates uncoating of CCVs (59) , thereby enabling recycling of clathrin back to the cell surface, while clathrinstimulated AAK1 activity mediates the rapid recycling of receptors from early/sorting endosomes back to the plasma membrane (68) . Notably, GAK is a key regulator of EGFR internalization, known to promote EGF uptake (59) and possibly also to affect EGFR signaling (69) . AAK1 has also been implicated in the regulation of EGFR internalization and recycling to the plasma membrane via its effect on and interactions with alternate endocytic adaptors (67, (70) (71) (72) (73) (74) . Multiple lines of evidence support a critical role for EGFR in HCV entry (38) . Binding of HCVcc particles to cells induces EGFR activation (75) , EGFR ligands enhance HCV entry (38, 75) , and EGFR/HRas signaling promotes CD81-CLDN1 binding (41) . Moreover, EGFR ligands were shown to increase colocalization of EGFR with CD81 and their localization to early endosomes, suggesting a potential role for EGFR in a step following CD81-CLDN1 engagement (75) . Nevertheless, the role of AAK1 and GAK in regulation of viral entry has not been reported in any viral infection to date.
We have recently reported that AAK1-and GAK-regulated AP2M1 activity is absolutely essential for HCV assembly (76) . Since AAK1 and GAK are regulators of clathrin-mediated endocytosis, we hypothesized that they regulate HCV entry in addition to HCV assembly and that these mechanisms can be translated into the development of novel antiviral strategies. Here, we provide evidence that AAK1 and GAK regulate HCV at a postbinding step independently of their role in HCV assembly and that regulation of EGFR endocytosis and phosphorylation of AP2M1 and NUMB are mechanisms involved in AAK1-and GAK-mediated HCV entry. Furthermore, we show that approved anticancer drugs that inhibit AAK1 or GAK significantly inhibit HCV entry in addition to assembly, that their combination is synergistic, and that their antiviral effect is reversed by overexpression of either AAK1 or GAK.
pore) 48 h prior to HCVcc or HCVpp infection. Sequences are as follows: siAAK1#1, GGUGUGCAAGAGAGAAAUCTT (Ambion) (68); siAAK#2, GAGCCGUCUCAAGUUUAAACUUACA (Invitrogen) (68); siGAK, AA CGAAGGAACAGCUGAUUCA (Dharmacon) (79); siNUMB#1, CAGC CACUGAACAAGCAGA (Dharmacon) (80); siNUMB#2, GGACCTCAT AGTTGACCAG (Dharmacon) (80); siAP2M1#1, AGUUUGAGCUUAU GAGGUA; siPAK1, GCAUCAAUUCCUGAAGAUU (Sigma); and siSDC1, CCAAACAGGAGGAAUUCUA (Dharmacon). siAP1M1 (identification number S17033), siAP1M2 (S19545), siAP4M1 (S17539), and Silencer Select negative control 1 siRNA (4390844) were from Life Technologies. Mission lentiviral transduction particles harboring short hairpin RNAs (shRNAs) targeting distinct sites in the AP2M1 RNA (TRCN0000060239 and TRCN0000060242; Sigma) and a control shRNA were used to transduce Huh-7.5 cells according to the manufacturer's protocol (76) .
HCVpp production and entry assays. HCVpp (H77c strain, genotype 1a) were generated as described previously (12, 13) . Briefly, 293T cells were transfected with a 1:1 ratio of plasmids encoding HIV provirus expressing luciferase and HCV E1E2 envelope glycoproteins. Supernatants were harvested at 48 h posttransfection and filtered. Huh-7.5 cells were infected with HCVpp and 8 mg/ml Polybrene (Sigma) for 4 h. Cell lysates were collected at 48 or 72 h after HCVpp infection, and firefly luciferase (Promega) activity was measured using a Tecan luminometer (Tecan).
HCVcc generation. HCV genotype 2a infectious clone J6/JFH(p7-Rluc2A) RNA was generated and delivered into Huh-7.5 cells, as previously described (14, 81) . Virus titers were determined by limiting dilution and immunohistochemical staining using anti-core protein antibodies. The 50% tissue culture infectious dose (TCID 50 ) was calculated, as described previously (14) . Results are expressed as TCID 50 /ml.
HCVcc infection. A total of 6 ϫ 10 3 Huh-7.5 cells seeded in 96-well plates were infected in triplicates with HCVcc J6/JFH(p7-Rluc2A) (titer, 4.5 ϫ 10 5 TCID 50 /ml) at a multiplicity of infection (MOI) of 0.1 to 1. At 4 h postinfection, cells were washed, and medium was replaced. HCVcc infection was measured by standard luciferase assays at 6, 9, 12, and/or 24 h postinfection, using a Renilla luciferase substrate and a Tecan luminometer (Tecan) according to the manufacturer's protocols.
HCV RNA replication by luciferase assays. HCV RNA replication was measured at 6 and 72 h postelectroporation, as described previously (76, 81) . Electroporated cells plated in quadruplicates in 96-well plates were washed twice with phosphate-buffered saline (PBS) and lysed with 30 l of Renilla lysis buffer (Promega). Following 15 min of shaking at room temperature, luciferase activity was quantified by standard luciferase assays.
EGF-mediated HCV entry assays. A total of 5 ϫ 10 5 Huh-7.5 cells were transfected with 100 nM concentrations of the siRNAs indicated in the figures, as described above. At 24 h posttransfection cells were seeded at 6 ϫ 10 3 cells/well in 96-well plates and incubated for 24 h. As previously reported (38) , cells were then serum starved for 2 h to reduce ligandreceptor binding and the basal activation level of the EGFR pathways, followed by a 1-h treatment with various concentrations of EGF (0.01 to 10 g/ml) or PBS. Next, cells were infected with HCVpp or HCVcc at an MOI of 0.1 in the presence of EGF. At 4 h postinfection, unbound virus was removed by washing, and fresh growth medium was added. HCVpp or HCVcc infection was measured by luciferase activity following 68 or 20 h of incubation at 37°C, respectively.
Pharmacological inhibition. To determine the effect of inhibitors on HCV entry, Huh-7.5 cells seeded in 96-well plates were washed once with ice-cold PBS and infected with HCVpp or HCVcc. Following a 1-h incubation on ice to allow attachment of viral particles to cell surface receptors, cells were treated with various concentrations of the inhibitors either individually or in combination or with dimethyl sulfoxide (DMSO) in preheated medium and transferred to 37°C for a 4-h incubation. Residual drugs and unbound virus were then washed off, and cells were incubated in complete medium in the absence of drugs for 72 h (HCVpp) or 24 h (HCVcc) at 37°C and subsequently subjected to viability assays and standard luciferase reporter gene assays. Drug effects on AP2M1 phosphorylation were determined as previously described (76) .
Gain-of-function and overexpression experiments. Gain-of-function assays were performed by transducing AP-2M1-, AAK1-, or GAKdepleted cells with a lentivirus expressing AP-2M1 for 24 h prior to HCVcc infection or by transfecting AAK1-, GAK-, or EGFR-expressing vectors in Huh-7.5 cells for 48 h prior to HCVcc infection and drug treatment. AP2M1 and NUMB overexpression experiments were conducted by overexpressing wild-type (WT) or AP2M1 and NUMB mutants for 48 h prior to infection.
Attachment assays. At 48 h after siRNA transfection, 6 ϫ 10 4 Huh-7.5 cells in 96-well plates were incubated with HCVcc at an MOI of 3. Cells transfected with a nontargeting (NT) siRNA remained untreated or were treated with 2 unit/ml of heparinase I (Sigma) in a buffer containing 20 mM Tris-HCl (pH 6.8), 50 mM NaCl, 4 mM CaCl 2 , and 0.01% bovine serum albumin (BSA) at 37°C for 1 h prior to viral inoculation (82) . Plates were spun (1,000 rpm) at 4°C for 1 h and 45 min and incubated on ice for another 15 min. Unbound HCV was then removed by washing with PBS three times. Total RNA was extracted with NucleoSpin RNA XS (Macherey-Nagel) and used to quantify cell-bound HCV RNA by quantitative reverse transcription-PCR (qRT-PCR).
Time-of-addition studies. Huh-7.5 cells were seeded at 5 ϫ 10 3 cells/ well in 96-well plates. The following day, cells were incubated with HCVcc at an MOI of 0.3 at 4°C for 1 h, washed three times with Dulbecco's modified Eagle's medium (DMEM), and shifted to 37°C. IgG, anti-CD81 antibody (10 g/ml), DMSO, sunitinib (2 M), erlotinib (10 M), or heparin was added at different time points either prior to or after the temperature shift (20, 40, 60, 120, 150 , and 180 min). After 4 h the cells were washed and incubated in fresh medium at 37°C. HCVcc infection was measured at 24 h using a Renilla luciferase assay system (Promega).
Highly infectious stock preparation and Dil labeling. Viral supernatants were concentrated, and HCV viral particles were labeled with Dil (Dil-HCV), as previously described (14, 49) . Briefly, filtered viral supernatants were incubated overnight with polyethylene glycol 8000 (PEG) (final concentration, 8% [wt/vol]), followed by centrifugation (8,000 ϫ g for 20 min), and resuspended in 10 ml of supernatant. Virus was centrifuged (8,000 ϫ g for 15 min) and resuspended in a final volume of 1 ml of cell culture DMEM. Virus was labeled by the addition of 5 l (5 M final concentration) of the lipophilic dye Dil (Invitrogen) (excitation, 549 nm; emission, 565 nm) to 1 ml of concentrated virus. Virus and dye were incubated protected from light for 1 h with shaking at room temperature. Labeled virus was loaded onto a 10 to 60% (wt/vol) continual sucrose gradient (in PBS) and centrifuged for 16 h at 4°C and 34,000 rpm. Ten 1-ml fractions were collected and subjected to viral titration assays by focus formation assays, viral RNA measurements by qRT-PCR (as described below), and density measurements. Dil-HCV was isolated by ultracentrifugation at 36,000 rpm for 2 h from gradient fraction 3, which harbored the peak of infectivity and had a density of 1.06 g/ml, and resuspended in 1 ml of complete medium for subsequent imaging studies.
Quantitative immunofluorescence (IF) microscopy. For imaging individual infectious Dil-HCV particles, Huh-7.5 cells were transfected with an AAK1, GAK, or NT siRNA. After 24 h, cells were transduced with CellLight early endosomes-GFP BacMam (Life Technologies) for RAB5 labeling. After a 24-h incubation, cells were seeded on a Nunc Lab-Tek II chamber slide system (Thermo Scientific) (4 ϫ 10 4 cells per chamber) and allowed to grow for 24 h. The medium was then replaced with ice-cold 3% fetal bovine serum (FBS)-DMEM containing Dil-labeled HCV particles at an MOI of 3, followed by incubation on ice for 1 h with protection from light. Unbound virus was washed off with cold PBS, DMEM-3% FBS medium was added, and cells were transferred to a37°C incubator. Cells were fixed in 4% paraformaldehyde in PBS at 1 h after the temperature shift, washed with PBS, covered with ProLong Gold antifade reagent (Invitrogen), and kept at Ϫ20°C until imaged. Wide-field epifluorescence image z-stacks were acquired on a DeltaVision OMX Blaze system (Applied Precision-GE, Inc.) equipped with three electron-multiplying Nonblind, iterative constrained deconvolution, image channel alignment, and maximum intensity projections were done using SoftWoRx software (Applied Precision-GE, Inc.). After deconvolution, subresolution viral particles were visualized at or near diffraction-limited resolution and covered an area of approximately 3 by 3 pixels, with a single x, y pixel dimension of 80 nm. Approximately 80 to 120 Dil-HCV particles were analyzed by Volocity Software (PerkinElmer) for their colocalization with RAB5 in each group using Pearson's colocalization coefficient.
To assess the role of AAK1 and GAK in EGFR endocytosis, Huh-7.5 cells were transfected with an siRNA targeting AAK1 or GAK or with an NT siRNA and seeded onto coverslips. At 48 h posttransfection, cells were serum starved for 2 h and then either treated with EGF at 1 g/ml or with PBS for 1 h or infected with HCVcc in the presence of EGF at 1 g/ml for 1 h. Cells were washed with PBS and immediately fixed with 4% paraformaldehyde in PBS, washed with PBS, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and blocked for 1 h in PBS containing 1% BSA. Fixed cells were incubated with primary antibodies against EGFR and EEA1 at room temperature for 1 h. Secondary antibodies (Invitrogen) were incubated for 1 h at room temperature. Coverslips were then washed three times with PBS and mounted with ProLong Gold antifade reagent (Invitrogen). Slides were analyzed using Zeiss LSM 510 confocal microscope. Colocalization was quantified in 10 to 15 randomly chosen cells from each sample using ImageJ (JACoP) colocalization software and Manders' colocalization coefficients (MCCs). Threshold values were determined using auto-threshold (plug-in; ImageJ). Only pixels whose red and green intensity values were both above their respective thresholds were considered to be pixels with colocalized probes. MCCs were then calculated as the fractions of total fluorescence in the region of interest that occurs in these colocalized pixels (with a higher value representing more colocalization). Manders' M2 coefficient values represented as mean percent colocalization are shown.
RNA extraction and qRT-PCR. Total RNA was isolated from cells using DNA, RNA, and a protein purification kit (Macherey-Nagel). qRT-PCR mixtures were assembled in triplicates using 0.5 g or 4 l of RNA and a high-capacity RNA-to-cDNA kit (Applied Biosystems). Amplification and analysis were performed using a StepOnePlus real-time PCR system (Applied Biosystems) (76) . S18 RNA was used as a control. To quantify HCV RNA in the sucrose gradient fractions (Dil-HCV entry experiment), RNA from 100 l was purified from each fraction, and 9 l of RNA was subjected to two-step qRT-PCR as described above. Levels of RNA were determined using a standard curve of known amounts of HCV RNA.
Viability assays. Following treatment with inhibitory compounds, siRNA silencing, or overexpression of various proteins, cells were incubated for 2 to 4 h at 37°C in the presence of 10% alamarBlue reagent (Trek Diagnostic Systems). Plates were then scanned, and fluorescence was detected by a FLEXstation II 384 (Molecular Devices, Inc.).
Western blotting. Cell lysates were subjected to Western analyses using primary antibodies followed by horseradish peroxidase (HRP)-conjugated secondary antibodies. Band intensity was quantified using NIH ImageJ software.
Data analysis of combination drug treatment. The MacSynergy II program (kindly provided by M. N. Prichard) was used to analyze data according to the Bliss independence model (83, 84) . The combination's effect is determined by subtracting the theoretical additive values from the experimental values (85) . A three-dimensional differential surface plot demonstrates synergy as peaks above a theoretical additive plane and antagonism as depressions below it (85) . Matrix data sets in four replicates were assessed at the 95% confidence level for each experiment (83) (84) (85) . Synergy (volume under the curve) and log volume were calculated. As suggested by Prichard et al. (84) , such data sets should be interpreted as follows: volumes of synergy or antagonism at values of Ͻ25 M 2 % are insignificant, those of 25 to 50 M 2 % are minor but significant, those of 50 to 100 M 2 % are moderate and probably important in vivo, and those of Ͼ100 M 2 % are strong and likely to be important in vivo.
Statistical analysis. Fifty percent effective concentrations (EC 50 s) were measured by fitting data to a three-parameter logistic curve, as described previously (76) . P values were calculated using a two-tailed unpaired Student's t test.
RESULTS

AAK1
and GAK are critical host factors for HCV entry. To test our hypothesis that AAK1 and GAK are involved in the regulation of HCV entry, we measured HCVpp entry and HCVcc infection in Huh-7.5 cells depleted of AAK1 or GAK by small interfering RNAs (siRNAs) (Fig. 1 ). Cells were transfected with individual siRNAs targeting either AAK1 or GAK or with a nontargeting (NT) sequence (68, 76, 79) . Two AAK1 siRNAs and a single GAK siRNA effectively suppressed protein expression, as evidenced by Western blotting (Fig. 1A) , with no apparent effect on cellular viability measured by alamarBlue-based assays (Fig. 1B) . These AAK1-and GAK-depleted cells were infected with HCVpp, and luciferase activity measurements were determined at 48 h postinfection (11, 12) . As shown in Fig. 1C , silencing of AAK1 or GAK expression reduced the entry of HCVpp by ϳ1 to 2 logs. The effect of AAK1 siRNAs on HCV entry correlated with the level of AAK1 suppression. To validate these results in the more authentic HCVcc system, AAK-and GAK-depleted cells were infected for 4 h with J6/JFH(p7-Rluc2A), a Renilla luciferase-containing reporter virus that replicates and produces high titers of virus in Huh-7.5 cells (81), and luciferase assays at 6, 9, 12, and 24 h postinfection were performed. Depletion of either AAK1 or GAK reduced HCVcc infection by ϳ0.5 to 3 logs at each of the studied time points (Fig. 1D ). In contrast, RNAi-mediated silencing of the expression of PAK1 (p21-activated kinase 1), a kinase that regulates macropinocytosis (an alternative, clathrin-independent, endocytosis pathway) (86), had no apparent effect on HCVpp entry and HCVcc infection, as recently reported (87) (Fig. 1A to D). In contrast to its effect on HCV entry, AAK1 and GAK depletion had no effect on HCV RNA replication, as measured by luciferase assays 6 and 72 h following electroporation of Huh-7.5 cells with in vitro-transcribed J6/JFH(p7-Rluc2A) RNA, consistent with our prior observation (76) (Fig. 1E) . These results indicate that AAK1 and GAK are host factors required for the regulation of HCV entry and that this role is independent of their role in HCV assembly.
AAK1 and GAK regulate HCV entry at a postbinding step. To further probe the role of AAK1 and GAK in HCV entry, we performed attachment assays (88) . Cells depleted of AAK1, GAK, or syndecan 1 (SDC1) were incubated with HCVcc at 4°C for 2 h, followed by washing for removal of unbound virus, RNA extraction, and quantification of cell-bound HCV RNA by qRT-PCR. AAK1 or GAK depletion had no effect on HCV attachment ( Fig. 2A) . In contrast, depletion of SDC1, a known receptor for HCV attachment, or treatment of NT cells with heparinase I to remove heparin sulfate from the cell surface reduced HCV attachment with no effect on cellular viability, as previously reported (82, 88) .
To further pinpoint the step of HCV entry that is mediated by AAK1 and GAK, we measured single HCV particle entry events in Huh-7.5 cells depleted of AAK1 or GAK. Highly infectious viral stocks were prepared, and virions were labeled with the membrane-permeable lipophilic dye Dil (49) . It was previously shown that incorporation of Dil does not reduce HCV infectivity and that purification of a highly infectious fraction greatly increases the specific infectivity and allows tracking of relevant entry events of fluorescent HCV particles (49) . To purify a highly infectious fraction, Dil-HCV was separated by sucrose gradient density ultracentrifugation, fractions were collected, and fraction density, infectious HCV, and HCV RNA copy numbers were measured (Fig.  2B ). As previously described (14, 15, 49, 89) , the majority of HCV RNAs sedimented at a density of ϳ1.15 g/ml (fraction 8), while a highly infectious fraction of HCV (fraction 3) was associated with a lower density of 1.06 g/ml. To test our hypothesis that AAK1 and GAK regulate HCV internalization, Huh-7.5 cells were transfected with an siRNA targeting AAK1 or GAK or with an NT siRNA, incubated for 24 h and transduced with baculovirus-GFP fusion of RAB5, an early endosomal marker. At 48 h posttransfection, cells were infected with Dil-HCV isolated from fraction 3 at 4°C for 1 h to allow binding of the virus, shifted to 37°C to allow HCV entry, and fixed at 1 h postinfection. Wide-field epifluorescence z-stacks were acquired and deconvolved on a DeltaVision OMX Blaze system (Applied Precision-GE, Inc.) equipped with three emCCDs (Evolve, Photometrics Inc.). Randomly chosen HCV-Dil particles (80 to 120) were analyzed for their localization to early endosomes in each group by quantitative immunofluorescence (IF) analysis.
As described by other investigators, GFP-RAB5 was observed on punctate cytoplasmic structures that vary in size (due to fusion events) (90, 91) . AAK1 or GAK depletion significantly reduced the colocalization of Dil-HCV particles to early endosomes from a mean Pearson's colocalization coefficient of 0.6 Ϯ 0.27 in NT cells to 0.32 Ϯ 0.32 and 0.25 Ϯ 0.3 in AAK1-and GAK-depleted cells, respectively (P values of 9.3 ϫ 10 Ϫ10 and 4.7 ϫ 10 Ϫ16 , respectively) (Fig. 2C to F) . The majority of Dil-labeled viral particles had an equivalent size based on fluorescence emissions, suggesting that we were imaging single viral particles (Fig. 2D to F) . Importantly, depletion of either AAK1 or GAK did not appear to alter the number, intensity, and intracellular distribution of RAB5-positive endosomes, as determined by an IF analysis, and had no effect on GFP-RAB5 expression, as measured by Western analysis (data not shown). Last, while transduction with baculovirus GFP-RAB5 slightly reduced (Ͻ15%) HCVcc infection compared with a Polybrene control in NT cells, a comparable reduction was measured in baculovirus GFP-RAB5-transduced AAK1-or GAK-depleted cells compared to a Polybrene control in these cells (data not shown). Together, these results indicate that AAK1 and GAK regulate HCV entry at a postbinding step.
AAK1 and GAK regulate EGF-mediated enhanced HCV entry and EGFR endocytosis. Next, we sought to determine the mechanism by which AAK1 and GAK regulate HCV entry. Both AAK1 and GAK have been implicated in the regulation of EGFR internalization and/or its recycling to the plasma membrane (59, 67, (70) (71) (72) (73) (74) . We therefore hypothesized that AAK1 and GAK reg- as NT cells pretreated with heparinase I were infected with HCVcc at 4°C for 2 h. This was followed by removal of unbound virus, RNA extraction, and quantification of cell-bound HCV RNA by qRT-PCR as a measurement of HCV attachment. Shown are SDC1 protein levels in the indicated cells and HCV RNA levels relative to the NT control level. (B) Purification of highly infectious Dil-HCV particles. Concentrated HCV was labeled with Dil, layered on a 10 to 80% sucrose gradient, and purified by ultracentrifugation. The top of the gradient is fraction 1. Infectious HCV (solid line, left y axis) was quantified by focus formation (FF) assays, and HCV RNA copy numbers (dashed line, right y axis) were determined by RT-PCR. Dil-HCV was isolated from gradient fraction 3, which harbored the peak of infectivity and had a density of 1.06g/ml. (C to F) Quantitative immunofluorescence analysis of Dil-HCV internalization. Huh-7.5 cells transfected with an NT (D), AAK1 (E), or GAK (F) siRNA and expressing the early endosomal marker RAB5-GFP were infected with Dil-HCV for 1 h on ice and shifted to 37°C. Cells were fixed 1 h postinfection. Images were acquired on a DeltaVision OMX Blaze system equipped with three emCCDs. Colocalization of Dil-HCV and RAB5 was quantified by Pearson's colocalization coefficient (C). Each symbol represents an individual Dil-HCV particle; horizontal lines indicate the means Ϯ standard deviations (error bars) (n ϭ 121, 78, and 84 Dil-HCV particles in the NT and AAK1-and GAK-depleted cells, respectively). Data are from two independent experiments. Two representatives of Dil-HCV (red), RAB5 (green), and merged images at a magnification of ϫ100 are shown for each group (D to F). The small frames at the bottom correspond to boxed areas and areas with arrows. Scale bar, 10 m. Arrows indicate Dil-HCV-RAB5 colocalization. Boxed areas indicate Dil-HCV particles that are not colocalizing with RAB5.
ulate EGFR-mediated HCV entry. To test this hypothesis, we first studied the effect of AAK1 and GAK depletion on EGF-mediated enhanced HCV entry. Serum-starved Huh-7.5 cells depleted of AAK1 or GAK by siRNA and NT controls were incubated with various concentrations of EGF or PBS for 1 h. Cells were subsequently infected with HCVpp or HCVcc for 4 h, unbound virus was washed off, and luciferase activity was measured at 72 or 24 h postinfection, respectively. As previously reported (38, 75) , increasing concentrations of EGF enhanced HCVpp entry and HCVcc infection in control NT cells in a dose-dependent manner (Fig. 3A and B) . Suppression of either AAK1 or GAK markedly reduced this effect on both HCVpp entry and HCVcc infection.
Nevertheless, a high concentration of EGF (10 g/ml) appeared to either partially or fully compensate for the effect of AAK1 or GAK depletion, respectively, on fold increase in HCVcc infection but not HCVpp entry (Fig. 3A and B) .
We then used quantitative confocal IF analysis to test our hypothesis that the defect in EGF-mediated enhanced HCV entry, resulting from AAK1 or GAK silencing, correlates with alterations in the localization of EGFR to early endosomes. Cells depleted of AAK1 or GAK and NT controls were serum starved and treated with EGF or PBS for 1 h or infected for 1 h with HCVcc in the presence of EGF or a PBS control. Cells were then fixed and stained for EGFR and the early endosomal marker EEA1. A total of 10 to 15 randomly chosen cells from each category were analyzed for the degree of localization of EGFR to early endosomes using ImageJ (JACoP) software and Manders' colocalization coefficients (MCCs) (92) . In the absence of EGF, EGFR minimally (Ͻ1%) colocalized with EEA1 in NT cells and in cells depleted of AAK1 or GAK (Fig. 3C to E, I ). EGF treatment dramatically increased this colocalization in NT cells, with 25.5% Ϯ 7% of early endosomes staining positive for EGFR (Fig. 3F and I) . Depletion of either AAK1 or GAK, however, significantly reduced EGFR localization to early endosomes in the face of EGF treatment, with 9.85% Ϯ 4% or 15% Ϯ 4% of early endosomes being positive for EGFR, respectively (P value of 0.0003 or 0.00079) (Fig. 3G to I,) . Similar results were demonstrated in cells infected with HCVcc (data not shown). AAK1 or GAK depletion had no effect on the expression level of EGFR in the presence or absence of EGF, as measured by Western analysis (data not shown).
Together, these results indicate that regulation of clathrin-mediated endocytosis of EGFR represents one of the mechanisms by which AAK1 and GAK mediate HCV entry.
Efficient HCV entry is dependent on AP2M1 and its phosphorylation. AAK1 and GAK mediate their role in clathrin-mediated endocytosis in part by phosphorylating AP2M1 (59-65). To determine whether AP2M1 and its phosphorylation play a role in HCV entry, we generated stable Huh-7.5 clones harboring short hairpin RNA (shRNA) lentiviral constructs targeting distinct regions in the AP2M1 gene or an NT sequence. Effective suppression of AP2M1 levels was achieved ( Fig. 4A and B) without apparent cytostatic or cytotoxic effects. These clones were infected with either HCVpp or HCVcc and subjected to luciferase assays at various time points postinfection. As shown in Fig. 4C and D, silencing AP2M1 expression markedly reduced HCVpp entry and HCVcc infection in these clones compared to levels in NT controls. The magnitude of the defect in HCV entry correlated with the degree of AP2M1 depletion. The effect of silencing endogenous AP2M1 on HCV entry was rescued by ectopic expression of shRNA-resistant wild-type (WT) AP2M1 harboring a wobble mutation within the site targeted by the shRNA, largely excluding off-target effects (Fig. 4E ). In addition, transient depletion of AP2M1 by siRNA reduced HCVpp entry (Fig. 4F to H ). In contrast, depletion of AP1M1, AP1M2, and AP4M1, the subunits of the adaptor protein complexes AP-1A, AP-1B, and AP-4, respectively, which sort in the secretory but not endocytic pathway (93) , had no effect on HCVpp entry (Fig. 4F to H ). Both our stable and transient RNAi approaches thus demonstrate that AP2M1 is an essential adaptor for efficient HCV entry.
A threonine residue in position 156 within AP2M1 undergoes phosphorylation by AAK1 and GAK (60-62), which then stimulates AP2M1 binding to tyrosine signals within cargo proteins. To determine whether AP2M1 regulation by AAK1 and GAK plays a role in HCV entry, we studied the effect of overexpression of WT AP2M1 and AP2M1 harboring a T156A mutation on HCVpp entry and HCVcc infection. Huh-7.5 cells were transfected with an empty control plasmid or plasmids encoding the WT or AP2M1 T156A mutant and subsequently infected with either HCVpp or HCVcc, and luciferase assays were performed at 72 and 24 h, respectively. Overexpression of these plasmids had no effect on cellular viability (Fig. 4I and J) . HCVpp entry and HCVcc infection were greater following overexpression of WT AP2M1 than that of an empty vector (Fig. 4K and L) . Moreover, overexpression of the T156A AP2M1 mutant significantly reduced both HCVpp entry and HCVcc infection compared with the WT AP2M1 level (Fig. 4K and L) , consistent with a dominant negative effect of this mutant on HCV entry. Last, the effect of silencing endogenous AAK1 or GAK on HCVpp entry (Fig. 4M) and HCVcc infection (data not shown) was rescued by ectopic expression of WT AP2M1. These data not only support our RNAi data in respect to the functional relevance of AP2M1 for HCV entry but also indicate a role for AAK1 and GAK in the regulation of AP2M1-mediated HCV entry.
We have previously reported that AP2M1 depletion by RNAi and overexpression of the T156A AP2M1 mutant dramatically inhibited HCV assembly (76) . These conditions had absolutely no effect on HCV RNA replication, as measured by luciferase assays 72 h following electroporation of in vitro transcribed J6/JFH(p7-Rluc2A) RNA (76) . Together, our RNAi, overexpression, and dominant interfering approaches thus indicate a role for AP2M1 and its phosphorylation in HCV entry that is independent of its role in HCV assembly (76) .
Efficient HCV entry is dependent on NUMB and its phosphorylation. NUMB is the only other endocytic clathrin adaptor known to be a target for AAK1 phosphorylation besides AP-2 to date (67). AAK1 activates NUMB by phosphorylating its threonine residue in position 102 (67) . We therefore sought to determine the role of NUMB in HCV entry. We first measured HCVpp entry and HCVcc infection in Huh-7.5 cells depleted of NUMB by siRNAs. Two NUMB siRNAs suppressed protein expression, as evidenced by Western blotting (Fig. 5A) , with no apparent effect on cellular viability, as measured by alamarBlue-based assays (Fig.  5B) . These NUMB-depleted cells were infected with either HCVpp or HCVcc and subjected to luciferase assays at 72 or 9 h postinfection, respectively. Silencing NUMB expression reduced HCVpp entry and HCVcc infection in these clones compared to levels in NT controls ( Fig. 5C and D) . The magnitude of the defect in HCV entry correlated with the degree of NUMB depletion. Next, we tested our hypothesis that activation of NUMB by AAK1 plays a role in HCV entry. To do so, we studied the effect of overexpression of the WT or a T102A NUMB mutant that lacks the AAK1 phosphorylation site (67) on HCVpp entry and HCVcc infection. Huh-7.5 cells were transfected with plasmids encoding either an empty plasmid, the WT NUMB, or the NUMB T102A mutant and subsequently infected with either HCVpp or HCVcc, followed by luciferase assays at 72 and 24 h, respectively. Overexpression of the WT NUMB plasmid had no effect on cellular viability ( Fig. 5E and F) but significantly increased HCVpp entry and HCVcc infection compared with the empty vector, thereby supporting our siRNA data ( Fig. 5G and H) . Moreover, overexpression of the T102A NUMB mutant significantly reduced HCVpp entry and HCVcc infection compared with the level with WT NUMB (Fig. 5G and H) . Nevertheless, this NUMB mutant demonstrated a dominant negative effect on HCVpp entry but not HCVcc infection. While the exact reason for this difference remains to be elucidated, differences between the HCVcc and HCVpp systems, both in the binding and postbinding steps of HCV entry, have been previously reported (25, 94, 95) . Functional differences, such as dependency on cellular receptors, have been attributed to differences in oligomerization and/or conformation of the glycoproteins and on sequence variations between the two relevant genotypes. It is thus possible that in the context of HCVcc infection a redundant regulatory mechanism is activated, subject-ing NUMB to regulation by another host kinase, such as CaM-KI (96) , in addition to AAK1.
Together, these results indicate that, like AP2M1, NUMB is a functional adaptor for HCV entry, and they suggest that NUMB phosphorylation by AAK1 may be critical for the regulation of HCV entry.
Pharmacological inhibitors of AAK1 and GAK inhibit HCV entry at a postbinding step, and their combination is synergistic. Using analysis of heat maps and affinity assays of kinase inhibitors, we have previously identified compounds, such as sunitinib and erlotinib, which bind AAK1 and GAK, respectively, with high affinities (nM range) (76, 97, 98) . To determine the effect of these Fig. 6A and B) , consistent with a prior report wherein erlotinib's effect on HCV entry was attributed to EGFR inhibition (38) . In contrast, IPA-3, a selective allosteric inhibitor of the macropinocytosis regulator PAK1 (99), had no significant effect on HCVcc infection, in line with our siRNA data and a recent report (87) (Fig. 6B) . These drugs had no apparent cellular toxicity at the concentration range used (Fig. 6A and B) . Increasing the MOI from 0.1 to 0.5 and 1 had no apparent effect on the dose response of sunitinib's or erlotinib's effect on HCVcc at 24 h postinfection ( Fig. 6C and D) .
We then sought to define the entry steps targeted by sunitinib and erlotinib. To discriminate between virus binding and postbinding events, HCVcc binding to Huh-7.5 cells was performed for 1 h at 4°C in the presence or absence of the drugs, DMSO, serum, IgG, or anti-CD81 antibody before the temperature was shifted to 37°C to initiate infection (Fig. 6E) . Similarly to anti-CD81 antibodies, sunitinib and erlotinib had comparable effects on HCVcc infection when added prior to or following binding of the virus to the target cell, indicating that they inhibit a postbinding step (Fig. 6F ). In addition, we performed kinetic entry assays (38, 50, 75) (Fig. 6E and G) . Either sunitinib, erlotinib, heparin (an attachment inhibitor), DMSO, or IgG was added at different time points prior to or following viral binding. Residual inhibitors were removed at 4 h postbinding, and luciferase assays were performed at 24 h (Fig. 6G) . Sunitinib was still effective when given at 120 min postbinding. As previously described, erlotinib and anti-CD81 antibodies inhibited HCV entry when added as late as 40 to 60 min postbinding (38) (Fig. 6G) . Together, these data indicate that these compounds inhibit HCV entry at a postbinding step.
As we previously reported, these drugs had no effect on HCV RNA replication (76) (data not shown). Moreover, the inhibitory effect of sunitinib and erlotinib on infectious virus production measured by luciferase assays in naive cells inoculated with cell culture supernatants was greater following daily treatment with the drugs for 72 h than with a single 4-h treatment (Fig. 6H) , in line with their inhibitory effect on both entry and assembly. The EC 50 values for the effects of the drugs on infectivity were 0.85 Ϯ 0.27 and 0.4 Ϯ 0.1 M for sunitinib at 4 and 72 h, respectively, and 2.2 Ϯ 0.8 and 0.37 Ϯ 0.13 M for erlotinib's effect, respectively (P values Ͻ 0.05). In addition, the antiviral effect of these drugs correlated with a decrease or loss of AP2M1 phosphorylation (Fig. 6I) .
These results provide pharmacological validation of the re- quirement for AAK1 and GAK in the regulation of HCV entry and suggest that they mediate a postbinding step. Moreover, sunitinib and erlotinib represent candidate compounds that target two steps of the HCV life cycle: entry and assembly. Since both AAK1 and GAK regulate HCV entry, we hypothesized that the combination of an AAK1 inhibitor with a GAK inhibitor would increase the antiviral effect over that achieved with each drug alone. Luciferase reporter-linked HCVcc entry assays were used to study the antiviral effects of combinations of these drugs. Data were analyzed using the MacSynergy program (84, 85) based on the Bliss independence model for synergy, as we have previously described (100). Six-by-five matrix data sets in four replicates were assessed at the 95% confidence level for each of the three experiments performed. The sunitinib-erlotinib combination had antiviral effects that were significantly more potent than the theoretical additive effects, which supported the idea that this combination was synergistic (Fig. 6J) . No evidence of significant antiviral antagonism was seen with any of the tested doses. The calculated synergy and log volume were 40.11 M 2 % and 10.04 M 2 %, respectively, with a calculated antagonism of Ϫ0.71 M 2 % and Ϫ0.18 M 2 %. According to the criteria suggested by Prichard et al. (84) (see Materials and Methods), this level of synergy is considered minor but significant. Importantly, because there was no cellular toxicity with either drug alone at the studied concentrations and no increase in cytotoxicity when they were used in combination, the measured synergy was indeed specific and did not reflect synergistic toxicity.
AAK1 and GAK are molecular targets underlying the sunitinib and erlotinib antiviral effect. While our data indicate that AAK1 and GAK are potential targets for antiviral treatment, it is important to validate that AAK1 and GAK are indeed molecular targets underlying the antiviral effect of sunitinib and erlotinib, respectively. This is particularly relevant because of the known inhibitory effect of erlotinib on EGFR-mediated HCV entry (38) . We therefore performed gain-of-function studies. Huh-7.5 cells plated in six-well plates were transfected with plasmids encoding AAK1, GAK, or EGFR or an empty plasmid. At 24 h posttransfection these cells were trypsinized and plated in either 6-or 96-well plates. Effective overexpression was demonstrated by Western blotting in cell lysates (in six-well plates) at 48 h posttransfection (Fig. 7A) , and there was no effect on cellular viability by alamarBlue-based assays (data not shown). In parallel, cells plated in 96-well plates were infected with HCVcc for 1 h on ice, treated with sunitinib, erlotinib, or DMSO for 4 h, and incubated in fresh medium for 20 h prior to luciferase assays. Overexpression of AAK1, sunitinib's target, either completely or partially reversed the antiviral effect of sunitinib, as predicted (Fig. 7B) . Similarly, overexpression of GAK, erlotinib's target, either completely or partially reversed the antiviral effect of erlotinib (Fig. 7B) . Interestingly, overexpression of GAK partially reversed the antiviral effect of sunitinib, and overexpression of AAK1 completely reversed the antiviral effect of erlotinib (Fig. 7B) . Last, overexpression of EGFR partially reversed the antiviral effect of both sunitinib and erlotinib (Fig. 7B ). These results demonstrate some functional overlap between the kinase activities of AAK1 and GAK in HCV entry. Importantly, they establish the link between the antiviral effect of sunitinib and erlotinib and their molecular targets and indicate that erlotinib inhibits two cellular factors critical for HCV entry: EGFR and its regulator GAK.
or with DMSO in the presence of calyculin A (an AP2M1 dephosphorylation inhibitor [117] ) and subsequently lysed. The effect of the inhibitors on 
DISCUSSION
We combined molecular virology, RNAi, dominant interfering, and pharmacological approaches to test the hypothesis that regulators of clathrin-mediated endocytosis, AAK1 and GAK, and their phosphorylation targets, the clathrin adaptors AP-2 and NUMB, are required for HCV entry. Our findings support a role of these host factors and reveal key mechanisms by which they regulate HCV entry. Moreover, we identified inhibitors that disrupt these mechanisms and inhibit HCV entry.
Suppression of AAK1 or GAK expression by siRNAs dramatically disrupted HCVpp (genotype 1a) entry and HCVcc (genotype 2a) infection, indicating that these host kinases are critical for HCV entry and that this requirement is conserved at least across two genotypes. By performing attachment assays, kinetic assays, and tracking single Dil-HCV particles, we demonstrated that, in line with their role in cellular membrane trafficking (59-65, 67, 68) , AAK1 and GAK mediate a postbinding step of HCV entry, likely internalization. While auxilin (DNAJC6) has been previously reported to mediate entry of vesicular stomatitis virus (VSV), the role of AAK1 and GAK (auxilin 2) in viral entry has not been reported in any viral infection to date. We previously reported that AAK1 and GAK regulate core protein-AP2M1 binding and HCV assembly, with no effect on HCV RNA replication (76) . Our results therefore indicate that AAK1 and GAK regulate two independent, temporally distinct steps in the HCV life cycle: entry and assembly. AAK1 and GAK thus appear to represent "master regulators" of HCV infection and potential targets for antiviral treatment (Fig. 8) . We predict that the requirement for AAK1 and GAK is broadly conserved among viruses that hijack clathrin-mediated pathways for either entry or late steps of their life cycle.
Although alternate clathrin adaptors can sustain endocytic uptake of certain receptors in the absence of AP-2, optimal coat assembly and trafficking evidently require AP-2 (66, (101) (102) (103) (104) . Indeed, almost all clathrin-coated pits at the cell surface contain AP-2, and the surface density of clathrin coats in AP-2-deficient cells is Ͻ10% of normal (104) . One would therefore predict that AP2M1 is essential for any virus that hijacks the clathrin-mediated endocytosis pathway for its entry. This, however, does not appear to be the case: clathrin-mediated endocytosis of VSV (105) is dependent on AP-2, whereas that of influenza A virus is AP-2 independent yet dependent on EPN1 (106, 107) . Using several approaches, we show that AP2M1 is a functional adaptor for HCV entry, consistent with results of two independent siRNA screens (49, 108) . Moreover, we reveal a novel role for the alternate adaptor, NUMB, in HCV entry. Combined with earlier reports (47, 49, 108) , these data indicate that, like endocytosis of various receptors such as P-selectin and LRP1 (109), HCV entry is dependent on both AP-2 and alternate adaptors. These findings likely reflect this apparent redundancy in adaptor usage as well as the requirement for multiple receptors in HCV entry. It will be important to identify the specific cellular HCV coreceptor(s) that is internalized in an AP-2-and/or alternate adaptor-dependent manner. Investigating whether the differences in clathrin adaptor dependence be- tween viruses reflects usage of distinct receptors or sorting to distinct early endosomal compartments is also of interest.
AP2M1 and NUMB are the only known targets for AAK1 and/or GAK phosphorylation in the endocytic pathway to date. Their phosphorylation by AAK1 and/or GAK induces their activation and plays an essential role in the regulation of clathrinmediated endocytosis of cell surface receptors (59) (60) (61) (62) (63) (64) (65) . Our data indicate that these mechanisms mediate HCV entry. First, depletion of AP2M1 or NUMB reduced HCV entry. Second, consistent with the previously reported dominant negative effects of AP2M1 and NUMB (67, 76, 110) , overexpression of either an AP2M1 or NUMB phosphorylation site mutant reduced HCV entry, albeit the NUMB mutant exhibited such a phenotype in HCVpp but not in HCVcc infection. Third, AP-2 overexpression rescued the effect of AAK1 and GAK depletion on HCV entry. Fourth, the effect of the pharmacological inhibitors of AAK1 and GAK, sunitinib and erlotinib, respectively, on HCV entry was associated with reduced AP2M1 phosphorylation. These findings not only support the functional relevance of AP2M1 and NUMB for HCV entry but also indicate a key role for their phosphorylation by AAK1 and/or GAK in HCV entry. Moreover, we have recently reported that AP2M1 is recruited by a tyrosine motif within the HCV core protein to assembly sites on lipid droplets and that this interaction is absolutely critical for HCV assembly (76) . Combined, these results thus indicate that HCV hijacks AP2M1 to mediate two distinct steps in its life cycle, entry and assembly, both of which are subjected to regulation by AAK1 and GAK (Fig. 8) .
Using an RNAi approach, we show that GAK depletion reduces both EGF-mediated enhanced HCV infection and localization of EGFR to early endosomes. These results indicate that GAK regulates EGFR-mediated HCV entry and are in line with the established role of GAK as a regulator of EGFR internalization (59). GAK's role in EGFR endocytosis appears to be mediated by its target, AP-2, and the alternate endocytic adaptor, EPN1 (59, 111) (Fig. 8) . Since, like AP-2, EPN1 is also essential for HCV entry (49, 108) , its regulation may represent an additional mechanism by which GAK mediates HCV entry. Interestingly, stable depletion of GAK by shRNA was shown to alter EGFR downstream signaling, suggesting that GAK may function in receptor signaling (69) . It will therefore be interesting to determine whether, in addition to receptor trafficking, GAK regulates EGFR/HRas signaling, which is reported to be critical for HCV entry (41) . siRNAs targeting AAK1 reduced both EGF-mediated enhanced HCV infection and localization of EGFR to early endosomes, suggesting that, like GAK, AAK1 is also involved in regulating EGFR-mediated HCV entry. Further support to these findings comes from our gain-offunction assays, wherein EGFR overexpression partially but significantly reversed the antiviral effect of the AAK1 inhibitor, sunitinib. The exact mechanism by which AAK1 regulates EGFRmediated HCV entry is an area of further investigation. We speculate that AAK1 mediates this process by interacting with and/or phosphorylating endocytic adaptors that act downstream of EGFR to mediate its internalization and/or recycling to the plasma membrane, such as NUMB and EPS15 (EGFR pathway substrate 15) (70) (71) (72) . Indeed, NUMB deletion mutants completely block EGFR internalization (71) . Moreover, EPS15, a binding partner of AAK1 (73) , interacts with AP-2 (112), EPN1 (113) , and NUMB (72) to internalize EGFR and regulate its levels at the cell surface (74, 114, 115) , and intriguingly EPS15 was previously shown to be critical for HCV entry (47) . Together, these data suggest that AAK1 and GAK mediate HCV entry by regulating several endocytic proteins, which may collaborate to promote EGFR internalization (Fig. 8) . Pharmacological inhibition of AAK1 and GAK or their depletion by siRNAs did not reduce the level of expression of either EGFR or the HCV receptors: CD81, occludin, claudin, and SR-B1 (data not shown). Nevertheless, it is likely that, in addition to EGFR regulation, AAK1 and GAK may mediate HCV entry by regulating internalization or recycling of some of these or other relevant cellular receptors. Interestingly, internalization and/or recycling of the HCV entry factors TFR1 and LDLR has been shown to be regulated by AAK1 and/or GAK (40, 59, 62, 67) .
Prompted by the finding that AAK1 and GAK regulate core protein-AP2M1 binding and are essential for HCV assembly, we previously discovered that sunitinib and erlotinib, approved anticancer drugs that potently inhibit AAK1 and GAK, respectively, disrupt core protein-AP2M1 binding and HCV assembly (76) . Here, we show that these compounds also inhibit HCV entry and that this effect is independent of their effect on assembly. Erlotinib was previously identified as an inhibitor of HCV entry (38) . Its effect on HCV entry, however, was attributed solely to its effect on EGFR (38) . Although GAK is not erlotinib's known cancer target, it is inhibited by this drug with a comparable potency to EGFR (K d [dissociation constant] of 3.4 nM versus 1 nM) (97, 98) . Importantly, as discussed above, GAK is a key regulator of EGFR internalization (59, 111) . Indeed, we show that overexpression of either GAK or EGFR can reverse the inhibitory effect of erlotinib on HCV entry. Our results thus indicate that erlotinib inhibits two cellular factors critical for HCV entry, EGFR and its regulator GAK (Fig. 8) , and validate GAK, in addition to EGFR, as a molecular target underlying erlotinib's antiviral effect. Further support of these findings and of the role of GAK in HCV entry comes from our recent data demonstrating that novel highly selective GAK inhibitors, with chemical structures that are unrelated to erlotinib and with no anti-EGFR activity, inhibit HCV entry (unpublished data). Our data also indicate that AAK1 is the molecular target underlying sunitinib's anti-HCV activity. Together, these results establish the link between the antiviral effect of the drugs and their underlying molecular targets.
While the kinase functions of AAK1 and GAK appear to have partially overlapping roles in clathrin-mediated endocytosis, other functions of these proteins, such as CCV uncoating mediated by a GAK auxilin-like motif, are thought to be distinct (62) . We show that pharmacological inhibition of the kinase activity of either AAK1 or GAK by sunitinib and erlotinib impairs AP2M1 phosphorylation and HCV entry. These results suggest that, unlike noninfected cells (62) , in the context of HCV infection, the endogenous level of one of the enzymes, AAK1 or GAK, is not sufficient to compensate for the loss of the kinase function of the other and that the observed defect in endocytosis is in part dependent on AP2M1. Moreover, the combination of sunitinib and erlotinib had a synergistic effect on HCV entry. Synergy between antimicrobial drugs often results from a sequential blocking mechanism, implying a block of two steps in a common pathway that is critical for viral replication (100, 116) . The observed synergy thus suggests that, in the context of HCV entry, some of the AAK1-and GAK-phosphorylated targets may be distinct. Inhibition of other drug targets by erlotinib (e.g., EGFR) and/or sunitinib could also contribute to the observed synergy. Last, overexpression of either AAK1 or GAK partially or completely reversed the antiviral effects of both sunitinib and erlotinib, re-flecting some functional overlap between the kinase activities of both enzymes in HCV entry. Together, these data suggest that both overlapping and distinct mechanisms of AAK1 and GAK likely play a role in mediating HCV entry.
Based on this study, we propose a model (Fig. 8 ) wherein AAK1 and GAK regulate HCV entry at multiple points by phosphorylating both AP2M1 and NUMB and possibly activating additional endocytic proteins that collaborate to mediate EGFR-dependent entry. In addition, by regulating two temporally distinct steps of the HCV life cycle, entry and assembly, AAK1 and GAK represent master regulators of HCV infection and attractive targets for antiviral strategies. Last, sunitinib and erlotinib inhibit the kinase function of AAK1 and GAK, thereby inhibiting these two distinct steps in the HCV life cycle. Taken together, these results provide insight into mechanisms of HCV entry and the design of novel antiviral strategies, with potential implications for other viruses that enter via clathrin-mediated endocytosis. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. The content is solely the responsibility of the authors and does not necessarily represent the official views of the funders.
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